We analyze the properties of light propagation through ordered structures made of metallic wires ͑or disks͒ embedded in a dielectric medium in the presence of a magnetic field. The magnetic field not only modifies the polarization properties of the transmitted and reflected light, but it also induces absorption channels that give rise to well-defined structures in the transmission spectrum and in the Faraday rotation. Interaction and size effects are also analyzed. To perform the numerical simulations we extend an existing scattering matrix method to deal with the off-diagonal terms of the dielectric tensor required for the proper treatment of magneto-optical activity.
I. INTRODUCTION
The optical properties of periodically arranged nanostructures have received much attention in recent years. These structures, commonly called photonic crystals ͑PCs͒, can exhibit photonic band gaps in their dispersion relation or transmission spectrum. Most of the experimental and theoretical research concerning PCs has been confined to structures composed entirely of dielectric materials, where no light absorption takes place. However, structures fabricated with absorbing materials, such as metals, can also possess photonic band gaps; they can also exhibit spectral regions where light can propagate with almost no loss, despite the absorption of the metal. In particular, the photonic band structure of a twodimensional array of metallic entities embedded in a dielectric medium has been calculated by several authors.
1-3 These studies have shown the existence of PC modes that originate from surface plasmon polaritons localized at the interface between the metallic and dielectric material. Surface plasmon polaritons are also present in nanostructured metallic layers, and are responsible for the extraordinary optical transmission observed in thin metallic films with an array of subwavelength holes. 4 In general, the optical characteristics of both of these types of metallic systems are established by the optical properties of the materials and the geometry of the structures, and cannot be varied once the structures are fabricated. However, in some applications it might be necessary to dynamically change the optical characteristics of the structure to control the flow of light, or the polarization state of the transmitted light. To do so requires the use of materials whose properties can be varied by external means such as electric fields ͑e.g., when liquid crystals are employed͒ or magnetic fields ͓e.g., magneto-optical ͑MO͒ active materials͔. For instance, a magnetic field applied along the direction of propagation of a linearly polarized plane wave produces a rotation of the plane of polarization of the wave ͑Faraday rotation͒. Several studies have shown that in a onedimensional PC containing MO materials such rotation can be strongly enhanced. 5, 6 This enhancement is directly related to the localization of light in the PC as a result of the multiple interferences inside the structure. The effect has also been observed in the neighborhood of the stop-band of threedimensional photonic colloidal crystals. 7 The magnetic field produces other effects such as the nonreciprocity of the dispersion relation ͓͑k͒ ͑−k͔͒, which leads to situations in which light can propagate in one direction but not in the opposite direction. 8, 9 Furthermore, a magnetic field can be used to tune the position of the band gap of a PC. 10, 11 All of these studies treated PCs constructed out of dielectric materials where at least one compound possessed MO properties.
The effect of the magnetic field on the behavior of plasmons in flat surfaces has been studied long ago 12 suggesting strong connections between the magnetic field and the plasmon propagation behavior. Very recently, nice results about the effect of the surface plasmon on the magnetic behavior of nanostructured gold thin film have also been put forward. 13 In this work we analyze the effect of a magnetic field on PC systems composed of both metallic and dielectric materials. We assume that the metallic portion of the system possesses MO activity, while the dielectric material does not. To the best of our knowledge such a study has not yet been presented, although some results on structures made on metallic films in the presence of a magnetic field have been put forward. For example, optical transmission through a metallic film with an array of subwavelength holes in the presence of a magnetic field applied in the film plane was analyzed theoretically in Ref. 14. In that study a strong dependence of the frequency of the extraordinary transmission peak on both the magnitude and direction of the in-plane component of the applied magnetic field was found. More recently, experiments on optical transmission through arrays of subwavelength holes fabricated on Co films have also been performed. 15 In that study, contrary to the case of photonic crystals made of dielectric materials, 4, 5 the MO effects in the spectral range of the anomalous transmission band were much smaller than in nonperforated Co films. In the struc-tures that we consider in this paper, the layers are made of metal wires or disks arranged periodically in a background dielectric material. We also assume that the amount of metal in each layer is much smaller than the amount of dielectric material ͑that is, the filling fraction of the metal is fairly small͒. Furthermore, in our study the magnetic field is applied perpendicular to the layer, and along the direction of the transmission of light. Such structures can be easily obtained by filling the pores of a porous alumina template, obtained by an anodization process from pure aluminium foils, with a MO active metal. 16 Under certain conditions the pores form an hexagonal arrangement 17 with a pore size and spacing in the nanometer range. These structures are relatively free from disorder over a range of several microns. Perfect hexagonal arrangements or even other geometries, can be obtained using in-print lithography. 18 To calculate the dispersion relation and optical transmission of the structures we use a scattering-matrix formalism developed by Whittaker and Culshaw, 19 which we have adapted to include the effects of the nondiagonal dielectric tensor that describes MO active materials.
The paper is organized as follows: first we present the case of a hexagonal arrangement of metallic wires/disks embedded in a dielectric medium when no magnetic field is applied. We discuss the effects of interactions due to the wire-to-wire distance on the dispersion curve of the layer and on the transmission through this layer. We then present our modified S-matrix formalism, and use it to analyze the effect of a magnetic field on the system. We conclude with a summary of the results presented.
II. INTERACTION EFFECTS ON THE DISPERSION CURVE AND ON THE OPTICAL PROPERTIES
For a single metallic wire embedded in a dielectric medium, the solution of Maxwell's equations in cylindrical coordinates ͑ , , z͒ gives rise to the following expression for the electric and magnetic fields for the mth mode:
where q is the momentum in the direction of the wire and must be determined by the boundary conditions. Applying the boundary conditions to the electric and magnetic field at the wire surface we obtain the dispersion relation for the different modes of the system.
In Fig. 1 we present the dispersion relation for an infinitely long metallic wire embedded in a background dielectric medium with index n = 1.75. The dielectric constant of the wire is given by a Drude model,
with = ϱ, p = 3.85 eV, and ⑀ ϱ = 6.25. The chosen parameter values ͑except ͒ are similar to those of a metallike silver. The dots in Fig. 1 correspond to a wire with diameter d = 10 nm, while the thin lines correspond to d = 40 nm. For reference, we also show the so-called light line ͑thick solid line in Fig. 1͒ , that is, the dispersion curve corresponding to a plane wave propagating in a medium with a refractive index equal to that of the background dielectric medium. The branches located on the right-hand side of the light line represent modes that have a purely imaginary in-plane momentum K O , and are thus strongly localized near the wiredielectric interface. 21 The modes located on the left-hand side of the light line have a real in-plane momentum K O , and thus spread deeply into the background dielectric, but remain finite for = ϱ.
The PC system that we analyze in this paper is depicted schematically in the inset of Fig. 1 . It consists of a periodic arrangement of wires embedded in a dielectric medium. Interaction effects between adjacent wires can potentially play a large role, leading to a dispersion relation markedly differ- ent to that presented in Fig. 1 . Furthermore, we note that for a single wire the solutions to Maxwell's equations that give rise to electromagnetic field distributions divergent for infinite, where is the distance from center of the cylinder, are discarded, because they have no physical significance. However, in our system such solutions must be considered, since they are primarily responsible for the wire-to-wire interaction, which may lead to new classes of physically significant modes. In Fig. 2 we present the dispersion relation of a periodic hexagonal arrangement of wires with the same wire diameter ͑d =10 nm͒ as that of Fig. 1 , but with a wire-to-wire spacing of a = 100 nm ͑a͒ and a =50 nm ͑b͒. As mentioned, these curves were obtained using a scattering matrix formalism, 19 which we have modified to describe the nondiagonal dielectric tensor required for the description of MO activity. In Fig. 2 the open circles represent the case where no magnetic field is applied, while the filled circles give the case where a weak magnetic field, characterized by a cyclotron frequency c = 0.04, is applied. In fact, because the magnetic field is weak, the difference between the open circles and the filled circles is not evident, except in the insets of Fig. 2 . In the remainder of this section we concentrate on the results with no applied magnetic field ͑open circles͒. In the following section we will consider the applied magnetic field, and give the details of our modifications to the scattering matrix formalism.
There are some important differences between the dispersion relation of a single wire ͑Fig. 1͒ and the dispersion relation of the metallic PC ͑Fig. 2͒. First, we observe the appearance of modes whose dispersion relation almost follows a straight line. This is because for a wide range of energies ͑wavelengths͒ both the wire diameter and the wireto-wire distance are much smaller than the wavelength of light, so the medium ͑wires+ matrix͒ can be seen as an homogeneous medium characterized by an effective index of refraction. This is unlike Fig. 1 , where the dispersion relation is always different than the light line. To quantify the extent to which the PC structure can be described by a homogeneous medium we display the dispersion curve ͑thick solid line͒ obtained by using a Maxwell-Garnett effective medium approach for the system ͑wires+ matrix͒. 22 This effective medium approach reproduces some of the features observed in the dispersion curve calculated using the scattering matrix ͑SM͒ formalism, the feature at about 3.2 eV, and, to some extent, the slope of the dispersion relation away from 3.2 eV. The feature at 3.2 eV corresponds to a surface plasmon mode of the wires, similar to the modes already reported in Refs. 1-3. However, there are other effects that are not reproduced by the effective medium model, such as the extra branch of modes appearing in the infrared region ͑0-2 eV͒ of Fig.  2͑a͒ . Furthermore, the Maxwell-Garnett approximation does not account for the effects of wire-to-wire interaction. For example, in Fig. 2͑b͒ , where the wires are spaced by 50 nm, the feature at 3.2 eV displays two splittings instead of the one splitting observed in Fig. 2͑a͒ , when the wires are spaced by 100 nm. We note that for the sake of clarity we have removed the second branch of modes in the infrared region of Fig. 2͑b͒ . The two splittings in Fig. 2͑b͒ come from the fact that the distance between the wires has been reduced, and thus the interactions between the surface plasmon modes increase, giving rise to new couplings.
To analyze the transport properties of the system along the wire axis, we have calculated the transmission of light in a system where the thickness of the wire layer is L = 200 nm. We use the same parameter values as for Fig. 2 , except that we now set =6 eV −1 in order to get a more realistic situation ͑ = ϱ eV −1 gives anomalously sharp peaks͒. The refractive index of the incident and substrate medium is taken to be equal to the refractive index of the background dielectric medium in the wire layer. In Fig. 3 we plot the transmission through the structure for a wire spacing of a = 218 nm ͑a͒, a = 100 nm ͑b͒, and a =50 nm ͑c͒. The open circles in ͑a͒-͑c͒ represent the case where no magnetic field is applied, while the thin lines represent the case where a magnetic field characterized by c = 0.04 eV, is applied. Again, in this section we concentrate on the case with no magnetic field applied.
For a wire-to-wire distance of a = 218 nm ͓Fig. 3͑a͔͒, the transmission spectrum exhibits a single dip centered at ϳ3.6 eV. Since there is only one dip, we conclude that it corresponds to the situation where a surface plasmon mode is excited in each wire, but the individual modes interact only minimally with each other. However, when we reduce the wire-to-wire distance to a = 100 nm ͑b͒, which corresponds to the dispersion relation in Fig. 2͑a͒ , we note that the transmission dip has shifted to ϳ3.2 eV, with a small shoulder at ϳ3.8 eV. We attribute this shift and the appearance of the shoulders to the beginning of interactions between the surface plasmon modes of the different wires. When we decrease the wire-to-wire distance to a =50 nm ͑c͒ we substantially enhance the surface plasmon interaction, and consequently we observe two extremely deep dips, which correspond to the features in the dispersion relation in Fig. 2͑a͒ .
For the sake of comparison we present transmission spectra calculated using two different effective medium approximations, a perturbative approach ͓Fig. 3͑d͔͒, where the metallic wires slightly modify the dielectric tensor of the background dielectric medium ͓Maxwell-Garnet ͑MG͒ approximation͔; and a self-consistent model ͓Fig. 3͑e͔͒ where the background dielectric medium and the metallic wires are treated on the same footing ͓the so-called Bruggemant ͑BR͒ approximation͔. 23 The spectra were calculated for the three different wire concentrations obtained from the three wireto-wire distance considered above. Both approximations predict only one transmission dip, but the two differ in their relationship between the strength of the dip and the wire-towire spacing. In the MG approximation the dip broadens slightly, and shifts towards lower energies as the concentration increases. However, in the BR approximation the dip broadens considerably, and the shift towards lower energies is larger than in the MG approximation. These behaviors ͑broadening+ shift͒ reflect the increasing interactions between the metallic wires. Nevertheless, since both approximations essentially model a random ͑i.e., nonperiodic͒ distribution of wires, they are not able to reproduce the splitting induced by surface plasmon interaction. Only when the wireto-wire distance is large do the effective medium models give similar results to the results of the scattering matrix simulations.
In Figs. 4͑a͒ and 4͑b͒ we present the calculated transmission spectra for an hexagonal array of metallic disks embedded in the same dielectric matrix as in the case of the wires. These spectra were obtained for a disk diameter of d = 10 nm and for a disk-to-disk distance of ͑a͒ a = 100 nm and ͑b͒ a = 50 nm. The thickness of the disk layers was L = 2 nm, which gives an aspect ratio ͑d / L͒ of 5 ͑for the wires the aspect ratio was 0.05͒. Apart from the decrease of the signal due to the reduction of the thickness of the metallic elements, we observe several effects; first, there is an overall redshift of the dips with respect to the case of the wires. This is purely geometrical effect, induced by the change in the aspect ratio. Second, the spectra have a richer structure than in the case of the wires. This reflects the dependence of the interactions between the surface plasmons on the shape of the structures. In Fig. 4͑d͒ we present the transmission spectra obtained using a MG approximation ͓in the BR approximation a similar result is obtained, except for the aforementioned broadening of the peak, more pronounced in this case, as shown in Fig. 4͑e͔͒ . Here only one dip is obtained, which originates from the surface plasmon of the disk. This dip is located at lower energy than the dip that originates from the surface plasmon of the wires. The spectra display a stronger dependence on the metallic concentration for the disks than for the wires. For wire-to-wire or disk-to-disk distances small enough to exhibit strong interactions, the transmission spectra depend also on the geometry of the arrangement. This is shown in Fig. 4͑c͒ where the transmission spectrum of a square array of disks with d = 10 nm and a = 100 nm is shown. A comparison with Fig. 4͑a͒ reflects that there is not only a shift in the position of the dips, but also a change in the overall structure of the spectrum.
The position of the dips presented in Figs. 3 and 4 also depends on the diameter of the wire ͑or disk͒. As we increase the diameter we observe a shift of the peak ͑or peaks͒ towards lower energy and also the appearance of peaks for larger diameters ͓see squares in Fig. 3͑c͒ and Fig. 4͑b͔͒ . Such finite size effects have also been observed in other nanostructures.
24

III. MAGNETIC FIELD EFFECTS
We now consider a dc magnetic field applied along the wire axis ͑or perpendicular to the plane of the disk͒ and assume that the effect of the applied magnetic field on the background dielectric medium is negligible. The dielectric tensor of the wires, described by the Drude model, takes the form
where c is the cyclotron frequency, and the rest of parameters have the same definition as in the preceding section.
To numerically simulate the effects of the magnetic field on our metallic PC we again use the scattering matrix formalism developed by Whittaker and Culshaw. 19 However, in their formalism they assumed that the dielectric tensor was diagonal with ⑀ xx = ⑀ yy = ⑀ zz . To account for the effects of the magnetic field we need a formalism that treats dielectric tensors of the form of Eq. ͑3͒. To do so we change Eq. ͑3.5͒ of Ref. 19 to
where ij represents the matrix containing the Fourier expan- 
͑d͒ Transmission spectra using a MG effective medium for concentrations of 0.2% ͑thin solid line͒, 0.9% ͑dashed line͒, and 3.6% ͑thick solid line͒. The aspect ratio d / L is 5 for all the curves as well as the thickness that is L = 2 nm. ͑e͒ The same as ͑d͒ but using the BR approach. 
leads to the required eigenvalue equation for the momentum q, i.e., the analogue to Eq. ͑3.7͒ of Ref. 19 ,
Using this eigenvalue equation with our definitions, we can directly apply the formalism of Ref.
19 to obtain the fields and the transmission and reflection coefficients associated with a metallic PC structure in the presence of a magnetic field. Both the background medium and the cylinders can, in principle, be metallic with a given magneto-optical activity. However, in this paper we confine ourselves to the situation where the background medium is purely dielectric, and non-MO active, while the metallic cylinders embedded in the background dielectric medium are MO active. We first analyze the modification that the magnetic field induces in the dispersion curves of the patterned layer. We will consider very weak magnetic fields, namely c = 0.04 eV. This value of c corresponds to a MO activity similar to that observed in Co. The results are given by the filled circles in Fig. 2 . Since the magnetic field is very small, on the large scale of the figure there is essentially no difference when the magnetic field is applied ͑note that the open circles lie exactly on top of the filled ones͒. However, a detailed look at the low frequency range ͑see insets in Fig. 2͒ clearly reveals the effect of the nondiagonal terms of the dielectric tensor of the wires. For both values of the wire-towire diameter a new splitting of the light line is present when a magnetic field is applied. This modification of the dispersion curve has its consequence in the transmission spectrum, as shown in the insets in Fig. 3 where we observe the appearance of a peak at low energies. For a fixed value of the wire-to-wire spacing the intensity of this peak increases linearly with the magnetic field and shifts to higher energies as c increases. On the other hand, if we fix the value of the magnetic field and vary the wire-to-wire spacing, the position and intensity of the peak varies in a similar way as for the high energy peak, although here no splitting was observed. This peak is also present in the disk layers ͑see insets Fig. 4͒ , with the same characteristics regarding its position and magnetic field dependence as those observed in the wire case. It is remarkable that the low frequency mode does not appear in any of the effective medium models.
The origin of this feature comes from the interactions between the modes appearing on a single wire when a magnetic field is applied. 25 In the case of a single wire the modes whose intensity outside the wire decrease when the distance to the origin increases are located around c for large q. However, those solutions with increasing amplitude ͑that do not have physical meaning for a single wire͒ are located at a higher value of the frequency and in them lies the origin of the features observed in the low frequency range of the spectrum.
As we have just mentioned, the application of a magnetic field along the axis of the wires ͑or perpendicular to the disks͒ produces a modification of the state of polarization of the transmitted or reflected light. The numerical method that we use allows us to directly calculate the conversion from s-polarized light into p-polarized light. In other words, the polarization rotation both in reflection ͑Kerr͒ and in transmission ͑Faraday͒ induced by the nondiagonal term of the dielectric tensor can be obtained. Since the incoming light is considered to be at normal incidence, the polarization conversion is purely a consequence of the fact that ⑀ xy 0.
Our calculation of the Faraday rotation of the metallic PC structure is depicted in Fig. 5 for a hexagonal arrangement of wires ͑disks in the inset͒ with a spacing of a = 100 nm ͑a͒. We choose c = 0.04 eV, and all other parameters are the same as for Fig. 3 . The regions of strong Faraday rotation correlate perfectly with the transmission dips in Fig. 3͑b͒ and Fig. 4͑a͒ . Again, for the sake of comparison we present the Faraday rotation calculated using the two effective medium approximations discussed above. 26 The intensity of the Faraday rotation for PC structure is weaker than that predicted by either effective medium approach, both for wires and disks ͑note that both curves for the patterned medium have been scaled by a multiplicative factor͒. This could indicate that the periodic ordering in the PC structure induces a decrease of the polarization conversion due to collective effects, resulting in a decrease of the Faraday rotation. A remarkable issue is the low frequency region, where the signal for disks is larger than that of the high frequency region, in clear opposition to the intensity of the transmission spectrum for the same parameters. The effect is not related to the enhancement of the MO activity in photonic crystals, since there the effect is due to multiple interferences induced by the localization of the wave due to the band gap properties inherent to these materials.
We also present results for a wire-to-wire spacing of a = 50 nm Fig. 5͑b͒ . The general situation is the same as for the larger wire-to-wire spacing of Fig. 5͑a͒ . However, the relative intensities of the peaks for the disks are now different: the low frequency signal is smaller than the high frequency one. This behavior was not noticeable when we analyzed the transmission spectrum, showing that the Faraday rotation is more sensitive to changes in the concentration of MO active materials. In the case of the wires this effect is also present, but the decrease in the relative intensity is smaller.
IV. SUMMARY
To sum up, we have analyzed the transport properties of light through a patterned medium, when the propagation is in the direction of the axis of the cylinders/disks of the structure. To perform the analysis we have extended an existing scattering matrix method to allow for the presence of offdiagonal terms in the dielectric tensor. We have addressed the problem of light transmission through a hexagonal array of metallic cylinders/disks presenting a combination of plasmonlike structures and magneto-optical terms. This combination gives rise to couplings that cannot be treated within a traditional effective medium theory but that are accurately described by the microscopic scattering matrix formalism. The infrared part of the spectrum exhibit clear magnetic-field induced couplings that can be of great utility in the framework of sensors and biosensors. The behavior of the structures as a function of the concentration of metallic substances has also been discussed, revealing interesting size effects. We have also pointed out that the infrared structures appear also in the Faraday rotation but showing an interesting concentration sensitivity. The large differences found between the effective medium ͑not accounting for order effects͒ and the patterned one for all the cases studied suggest that the collective effects occurring in well ordered, periodic media result in an inhibition of the polarization conversion giving rise to a decrease of the Faraday rotation.
